I Abstract-In this paper, we compare the downlink capacity and throughput between the variable spreading factor-orthogonal frequency and code division multiple access (VSF-OFCDMA) with one-cell frequency reuse, and the orthogonal frequency division multiple access (OFDMA) with conventional three-cell frequency reuse. Since the multiuser diversity gain in OFDMA systems can be achieved by approximately designing its access schemes, while it is non-trivial for the VSF-OFCDMA systems, the effect of both access schemes on the link capacity are investigated. Our simulation results reveal that although the multiuser diversity gain achieved by OFDMA systems can compensate the loss of low frequency reuse at low to mid range of signalto-interference-plus-noise ratio (SINR) values, the achievable throughput of VSF-OFCDMA systems is much higher than the OFDMA systems. Furthermore, the impact of user's location on the inter-cell-interference is also reported.
I. INTRODUCTION The orthogonal frequency division multiplexing (OFDM) technology is well known for its capability to cope with frequency-selective fading channel due to multipath and its low complexity equalizer. Therefore, it becomes a popular candidate for various high data-rate wireless systems such as IEEE 802.11n WLAN, IEEE 802.16 WiMAX, 3GPP LTE, 3GPP2 UMB, etc. However, OFDM suffers from high peakto-average-power-ratio (PAPR). Furthermore, in multi-cell scenarios, the OFDM based access scheme, namely, orthogonal frequency division multiple access (OFDMA) can suffer severe co-channel interference from the adjacent cells which makes one-cell frequency reuse non-trivial for OFDMA based cellular networks. On the other hand, code division multiple access (CDMA) is a technology being used in the 3G cellular networks such as 3GPP WCDMA and 3GPP2 CMDA2000. The most significant advantage of CDMA is that it can achieve the one-cell frequency reuse among adjacent cells by deploying a properly designed set of codes or pseudo-noise sequence. Later, several technologies combining the benefits of OFDM with CDMA are reported in the literature, mainly in the form of multi-carrier CDMA (MC-CDMA) [1]- [3] . In particular, the variable spreading factor orthogonal frequency and code IThis work was done when D. Wang was an intern in DoCoMo USA Labs.
978-1-4244-2644-7/08/$25.00 ©2008 IEEE division multiplexing (YSF-OFCDM) which belong to the family of MC-CDMA was first proposed by NTT DoCoMo [3] . It was shown in [4] and [5] as a very promising broadband packet wireless access scheme in order to achieve very high data-rate using an approximate bandwidth of 50 to 100 MHz. The main advantage of YSF-OFCDM is due to its flexibility in which the spreading factor can be varied according to the cell structure and radio link conditions, which makes it more suitable to be used from multi-cell to isolated-cell environments while maintaining high link capacity.
The superiority of YSF-OFCDM over OFDM in a multicell environment, such as a cellular system has been shown in [6] and [7] . However, [6] and [7] mainly consider the peak throughput of a cell without considering the effects of the access scheme. Researchers in [8] and [9] shown that multiple diversity gain can be achieved in a system if the access scheme is properly designed. The basic idea of multiuser diversity is to exploit the randomness of fading channels among different users and to allocate the channel to the user with the largest channel power gain. The larger the dynamic range of channel fluctuations and the number of users, the larger the achievable multiuser diversity gain.
In OFDMA systems, users are scheduled to transmit on orthogonal frequency bands which enables the exploitation of multiuser diversity in the frequency domain since users are scheduled to transmit on their frequency fading peaks as proposed in [10] and [11] . On the other hand, in basic setting of YSF-OFCDMA systems, users are scheduled to transmit on orthogonal spreading codes over all frequency bands, which makes it difficult to achieve the multiuser diversity gain. Due to these reasons, it is important to investigate the performance of YSF-OFCDMA and OFDMA under the effects of the multiuser diversity gains.
The remainder of this paper is organized as follows: In Section II, the main features of YSF-OFCDMA and OFDMA are reviewed. In Section III, the system simulation configuration is described. Simulation results are presented in Section IY. Finally, Section Y concludes the paper. 
B.OFDMA
In OFDMA systems, the sub-carriers are divided into several groups and each group, namely, sub-channel is allocated to one user. Different techniques have been proposed in the literature to group these sub-carriers such as adjacent grouping (i.e., adjacent sub-carriers are grouped into one sub-channel), distributed grouping (i.e., distributed sub-carriers are grouped into one sub-channel), etc. In this paper, we focus on the adjacent grouping technique so that it is more pronounced to see the effect of multiuser diversity gain and the benefit of utilizing AMC.
There are rich literature about the scheduling schemes in OFDMA systems in order to achieve the multiuser diversity gain such as [10] - [ 12] and the references therein. Here, in order to perform fair comparison with VSF-OFCDMA, we consider the case in which the number of users is equal to the number of sub-channels, and each sub-channel is allocated to II. COMPARISON OF VSF-OFCDMA AND OFDMA
A. VSF-OFCDMA
In VSF-OFCDMA systems, users access the system with orthogonal spreading factor using VSF-OFCDM. VSF-OFCDM spreads the data in both the time and frequency domains using orthogonal short channelization codes as shown in Fig. 1 . The total spreading factor, 8F is 8F == 8F t x 8F.r, where 8F t and 8 F.r are the spreading factors in the time and frequency don1ain, respectively. The time domain spreading is superior over the frequency domain spreading in order to maintain the orthogonality among the code-multiplexed channels with less inter-code interference. In particular, this property is advantageous for the application of adaptive modulation coding (AMC) scheme since the channel does not vary too much in the time domain. On the other hand, in order to reduce the effects of co-channel interference from adjacent cells in the case of one-cell frequency reuse (see Fig. 2 (a)), a larger spreading factor can be used in addition to a cell-specific long scrambling code which is used to whiten the interference. one user. In the rest of the paper, we will use the following three scheduling schemes to illustrate the impact of scheduling schemes on the system performance: 1) Ideal Scheduling: Each user is scheduled to transmit on its best sub-channel on each frame. Note that, this scheme is too optimistic and impractical since more than one user could choose the same best sub-channel.
2) Fixed Scheduling:
Each user is scheduled to transmit on a specific sub-channel, which is fixed over all frames. Note that, no multiuser diversity gain is achieved in this scheduling scheme.
3) Random Scheduling: Each randomly selected user is scheduled to transmit on its best available sub-channel. For example, the first randomly selected user is scheduled to transmit on its best sub-channel which will not be reused by other users. Then, the second randomly selected user (excluding the user which has been scheduled a subchannel) is scheduled to transmit on its best available subchannels. The same process continues until all the users are being scheduled with their respective sub-channels.
III. SIMULATION CONFIGURATION

A. System Level Simulation Setup
In the system level simulation, a 19-hexagonal cell layout with one sector per cell is assumed for both wireless access schemes. In practice, usually a fixed and limited amount of bandwidth are available. Therefore, in order to have a fair comparison between VSF-OFCDMA and OFDMA, the same amount of bandwidth will be used by both schemes. Here, one-cell frequency reuse will be deployed in VSF-OFCDMA and while three-cell frequency cell reuse will be deployed in OFDMA as illustrated in Fig. 2 . Base stations (BSs) are located at the center of each cell, and the mobile stations (MSs) are distributed uniformly over the whole cell. Here, we assume that each MS is only connected to one target BS, from which the MS's received the strongest signal power among all the BSs. The 3GPP Spatial Channel Model (SCM) is used in the system level simulations. This model has a distance-dependent path loss and lognormal shadowing as reported in [13] . In this paper, only the urban-micro scenario is being considered. The system level simulation parameters are summarized in Table  I . The average received signal-to-interference-plus-noise-ratio (SINR) at each MS is defined as the ratio of the received signal power from the target BS to the sum of the received signal power from other cells and the background noise.
B. Link Level Simulation Setup
In the link level simulation, the 3GPP SCM multipath channel model is used and only one cell is considered [13] . The throughput achieved by a user in this cell is measured as a function of the received SINR. The link level simulation parameters are summarized in Table II . Note that since the three-cell frequency reuse is deployed in OFDMA scheme, the bandwidth of each cell (i.e., the number of sub-carriers) is 1/3 of that in VSF-OFCDMA scheme that deployed onecell frequency reuse. In VSF-OFCDMA, the total spreading 
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C. Impact of Users' Location
In one-cell frequency reuse YSF-OFCDMA systems, the inter-cell interference (ICI) can be reduced by deploying the cell-specific long scrambling code. However, the residual ICI will still have impact on the system performance. In this paper, we investigate the effect of the ICI when a MS is at a different location within the cell. In particular, we consider a MS moves with 10 m/s along the horizonalline from the center of a target cell to the cell edge. Here, we define the target cell as the center cell of the 19-hexagonal cell layout (see Fig. 2 ). The cell radius, r is 1000 m and QPSK modulated symbols with channel coding rate R == ! are transmitted. The distances to the target cell are O.lr, 0.3r, 0.5r, 0.7r, and 0.9r, respectively. Fig. 3 compares the cumulative distribution function (CDF) of the average received SINR for YSF-OFCDMA and OFDMA systems. It can be seen that YSF-OFCDMA has larger probability of small SINR value than OFDMA especially when r is small. This is due to the fact that threecell frequency reuse is deployed in the latter and thus, it experiences much smaller ICI than the former which deploy one-cell frequency reuse. Interestingly, when the r increases, the differences between YSF-OFCDMA and OFDMA become insignificant. For example, at r == 1500 m, both schemes have almost identical performances. This is because when the r is --e-OFDMA-r=500m
IY. SIMULATION RESULTS
A. Throughput Comparison of VSF-OFCDMA and OFDMA
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." -* -OFDMA-r=1000m In this paper, we have compared the performance of two widely used broadband multiple access schemes for high data-rate applications, namely, VSF-OFCDMA and OFDMA. Different from works already reported in the literature, here, performance degrades with increased in PER and decreased in throughput for both schemes. When the user is located close to the center of the target cell, VSF-OFCDMA achieves much higher throughput than OFDMA due to its three times larger bandwidth utilization. However, when the user is close to the cell edge, OFDMA performs better than VSF-OFCDMA due to three-frequency reuse. Note that for the analysis in this paper, we fixed the spreading factor to SF == 16. We believe that by using longer spreading factor, the performance of VSF-OFCDMA for users at the cell edge could be further improved by reducing the effect of ICI. However, this investigation will leave open as our future work. large, only users at the cell edge will experience significant ICI. On the other hand, when T is small, even users located close to the center of the cell might also experience severe ICI. Fig. 4 shows the throughput comparison for VSF-OFCDMA and OFDMA with different scheduling schemes as described in Section II. The throughput is achieved by using the modulation and coding schemes given in Table III . As we can see, from low to mid range of SINR values (i.e., < 25 dB), VSF-OFCDMA performs better than OFDMA with fixed scheduling, but perform slightly worst when ideal and random scheduling schemes are used in OFDMA scheme. This is mainly due to multiuser diversity gain brought by the latter two scheduling schemes which compensate the effect of low frequency reuse. However, when the received SINR is high (i.e., > 25 dB), VSF-OFCDMA achieves much higher throughput than OFDMA irrespective of the scheduling schemes used as illustrated in Fig. 4 .
The CDF of the achievable throughput as shown in Fig.  5 can be obtained from Figs. 3 and 4. Different from the previous works reported in [6] and [7] in which only the peak throughput of a cell are shown, here, the "throughput" is defined as the achievable throughput for a user using only one sub-channel (i.e., 1/16 of the total available resources). From   Fig. 5 , we can see that when T == 500 m, the probability that the throughput is less than 1 Mbps for VSF-OFCDMA and OFDMA (with ideal, fixed, and random scheduling schemes) are approximately 66%, 25%, 36%, and 30%, respectively. When T increases, the difference between VSF-OFCDMA and OFDMA at low achievable throughput become smaller (see Fig. 5(c) ). However, irrespective to the value of T, in general, VSF-OFCDMA achieves much higher throughput than OFDMA. For example, the highest throughput achieved by VSF-OFCDMA is about 20 Mbps while it is only about 7 Mbps for OFDMA i.e., approximately three times better. Fig. 6 shows the packet error rate (PER) and Fig. 7 shows the throughput comparison for VSF-OFCDMA and OFDMA when a user is at different locations. It can be seen that when the user moves away from the center of the target cell, the we mainly focus on the impact of these two access schemes on system performance such as throughput, received SINR, impact of user's location on PER and throughput. Our study reveal that at low to mid range of SINR values, the multiuser diversity gain achieved by OFDMA can compensate the effect of low frequency reuse such that OFDMA systems can achieve comparable throughput as VSF-OFCDMA systems. However, at high SINR values, the throughput performance of VSF-OFCDMA systems is superior over the OFDMA systems. In particular, we consider a scenario of uniformly distributed user in which the highest throughput achievable by VSF-OFCDMA is about three times more than the OFDMA. This implies that, for broadband wireless systems, it is possible to deploy hybrid multiple access schemes such as the combination of VSF-OFCDMA and OFDMA in order to provide high throughput from low to high SINR region. Future work includes studying the impact of different spreading factors and designing improved scheduling schemes that can achieve multiuser diversity gain for the VSF-OFCDMA systems. 
B. Performance Comparison at Different Users' locations
